Cultured, spontaneously beating heart cells were used to study the role of calmodulin in regulating cardiac contraction. Trifluoperazine (TFP), an antipsychotic drug that binds to calmodulin, reversibly inhibited myocardial contraction. This effect occurred over a TFP concentration range of 5-100 µM with half maximal activity at ~15 µM TFP. When the phosphoprotein profile of TFP-treated cells was compared with control cultures, there was a significant decrease in 32 P content of the 20,000-D myosin light chain. As measured by twodimensional gel electrophoresis, the fraction of phosphorylated myosin light chain decreased from 0.31±0.06 in control to 0.16±0.05 in TFP-treated cells (P < 0.05). This inhibition of protein phosphorylation was relatively selective, as two other phosphoproteins (~ 41,000 and 36,000 D) were unaffected, and a third protein (~ 28,000 D) showed an increase in 32 P activity. In contrast, the cessation of spontaneous beating by 50 mM KCl did not reproduce these changes. This inhibition of contraction mediated by TFP associated with alterations in the phosphorylation of certain cardiac phosphoproteins suggests a role for calmodulin and for the myosin light chain in the regulation of cardiac cell contraction.
INTRODUCTION
Phosphorylation of the myosin light chain (MLC)' is an important regulatory step in the control of smooth muscle and platelet contraction. It has previously been Dr. Klein is a Research Associate of the Veteran's Administration Hospital.
Received for publication 21 July 1982 and in revised form 15 November 1982. ' Abbreviations used in this paper: MEM, minimum essential medium; MLC, myosin light chain; TFP, trifluoroperazine.
shown that phosphorylation of this protein is mediated by a MLC kinase that requires the presence of both calcium and the calcium binding protein, calmodulin (1) (2) (3) . Thus, increases in the contractile state of smooth muscle are associated with demonstrable increases in the phosphate content of the 20,000-D MLC (4) . The role of MLC phosphorylation in the control of cardiac contractility is less well established (2, 3, 5) . There are reports of increased myosin ATPase activity in association with increased protein phosphorylation (6) , whereas other studies show no effect of increased light chain phosphate content on the interaction of cardiac myosin and actin (3) .
Trifluoperazine (TFP) is an antipsychotic drug that is capable of inhibiting the intracellular effects of calmodulin. This property accounts for the inhibition of vascular smooth muscle contraction and MLC phosphorylation that is seen after drug treatment (4, 7, 8) . In order to better understand the role of calmodulin (9) and of MLC phosphorylation in the regulation of cardiac muscle, we have examined the effect of TFP on cultured heart cells. This report demonstrates that micromolar concentrations of TFP are capable of reversibly inhibiting the contraction of neonatal rat heart cells in culture. This change in contractility is associated with a decrease in the phosphorylation of the 20,000-D MLC, and an increase in the phosphorylation of a 28,000-D protein.
METHODS
Materials. Eagle's modification of minimal essential media (MEM), essential and nonessential amino acids, supplemental vitamins, penicillin, and streptomycin were obtained from Gibco 20 and 50 ,g of protein were applied to a vertical slab gel electrophoresis system to allow for identification of individual protein subunits containing 32p. SDS slab gel electrophoresis using 11% acrylamide resolving gels overlayered with 5% acrylamide stacking gels, respectively, were used as described (12) . Purified molecular weight standards were routinely used for comparison including myosin purified from 2-d-old rat hearts as described by Shiverick et al. (13) .
To analyze radioactively labeled proteins, the gels were dried and exposed to Kodak "X-omat" film ( ,g protein).
Because nonmuscle as well as myocardial cells contain the contractile proteins actin and myosin, two-dimensional gel electrophoresis using isoelectric focusing in the first dimension (14) was used to identify the specific phosphoproteins from heart muscle. There are recent reports that the phosphorylated and nonphosphorylated subunits of the MLC can be resolved by two-dimensional gel electrophoresis (15, 16) . In this series of experiments, heart cells in culture were incubated with [3S]methionine (100 MCi/dish) for 16 h. Before harvest the cells were washed with PBS, and scraped into an isoelectric focusing buffer containing 5.0 M urea, 2% Nonidet, 1.6% ampholytes, pH 5-7 and 5% P-mercaptoethanol (14) . Approximately 100 Mg of protein was applied to disc isoelectric focusing gels and run overnight at 400 V. These gels were then equilibrated in 2% SDS sample buffer and electrophoresed as described with 5% stacking gel and an 11% resolving gel (15) . By comparison with previously purified neonatal rat heart myosin the Coomassie Brilliant Blue staining spots corresponding to the phosphorylated and nonphosphorylated forms of cardiac MLC (-20,000 D) were identified. These regions were cut from the gels solubilized with 60% perchloric acid and 30% hydrogen peroxide and counted in a Packard model 300C liquid scintillation counter (Packard Instrument Co., Inc., Downers Grove, IL). The phosphorylated fraction of the 20,000-D MLC was calculated as the percentage of 35S activity (disintegrations per minute) in the phosphorylated region compared with the total "5S incorporated into the MLC (phosphorylated and nonphosphorylated forms). All measurements were performed in duplicate and the results expressed as the mean±SEM. In addition, cultures of heart cells were labeled with [32Pjorthophosphoric acid for 1 h and the cells were subject to two-dimensional gel electrophoresis as described.
Addition of TFP to cell culture. In order to determine the effects of TFP on cardiac contraction, concentrations of 1-100 MuM were added to the culture media. TFP was dissolved in sterile MEM without serum at concentrations ranging from 0.5 to 5 mM and then added to the cell cultures to yield the final concentration as stated in the text. Before drug addition, two base-line heart rates were determined and then again at 2, 5, 10, and 20 min subsequent to the addition of TFP. After 20 min, the media was washed twice and replaced with fresh MEM with 10% serum. When TFP was added after treatment with 1 MM colchicine or 10 ,M isobutylmethylxanthine, the latter agents were preincubated with the cells for 30 min.
In experiments where the effect of TFP upon phosphorylation was assayed, the cells were incubated with [32Pjorthophosphoric acid or [3S]methionine as described above. 10 min before harvesting the cells, either TFP at a final concentration of 20 MM, KCI at a final concentration of 50 mM, or control MEM was added to the media, and contractile activity was measured 5 and 10 min later. Cells were then scraped from the dish, the concentration of cell protein determined, and equal amounts of protein applied to 11% acrylamide gels (11) . Quantitation of the amount of 32p in specific protein bands was performed as described. (Fig. 1) . The effect of various concentrations of TFP was assessed by measuring the percent of inhibition of heart rate at 5 min after exposure to the drug. The effect of TFP was dose-dependent over the concentration range of 1-100 1AM (Fig. 2) . Half maximal inhibition occurred at '15 MuM (Fig. 2) . When followed for periods > 10 min, all concentrations of TFP > 20 MM led to complete cessation of contractile activity.
The effect of TFP was partially reversible (Fig. 1 ). 20 min after exposure to 5, 10, 20, 40, and 100 uM TFP, the drug was washed from the culture media as described (Table I) . Recovery from drug treatment was both time and dose dependent. Fig. 1 demonstrates the return of contractile activity for cultures treated with 10 and 20 MAM TFP. (Fig. 1) . Pretreatment of heart cell cultures with either isobutylmethylxanthine at 10 MM or colchicine at 1 MM, agents that stimulate contractile activity (15) , did not overcome the inhibition produced by 10 or 100 MM TFP.
Effect of TFP on protein phosphorylation. Fig. 3 is the autoradiograph from an 11% polyacrylamide Thus, the degree of protein phosphorylation in Table  II is expressed as a percent of the simultaneously run control. Analysis of this data from three separate experiments demonstrates an inhibition of MLC phosphorylation and an increase in phosphorylation of peak C. Peaks A and B were unaffected by TFP treatment.
To determine whether the reduction of MLC phosphorylation was due to treatment with TFP or a function of the associated decrease in heart rate, 50 mM KC1 was used to arrest the beating cells. When added to the culture media in a manner identical to that for TFP 10 min before harvesting the 32P-labeled cells, KCI produced a complete cessation of contractile aciprotein phosphorylation. tivity. An equal aliquot of protein from KCl-treated 2P, and identical amounts heart cells was applied to 11% acrylamide gels and the ?plied to one-dimensional degree of phosphate incorporation compared with subject to autoradiogra-both control and TFP (20 MM) cultures (Fig. 3 (Fig. 3, left margin ). An additional [32P]phosphate band has identical electrophoretic mobility with a 20,000-D purified rat cardiac MLC. This same 32P band from cultured heart cells also copurifies with rat heart MLC (15) and, therefore, is designated MLC. Peaks refer to the autoradiograph bands identified in Fig. 3 .
Data are expressed as mean±SD (n = 6). § Data are mean±SD (n = 4). 20 ,000-D (Fig. 4, left) . Thesi corresponded identically to the Coomassie ing pattern of previously purified rat card Further proof that these regions reprc phosphorylated (more acidic) and nonpho forms of the MLC was provided by 32P-lab cells. When cells that had been incu [32P]orthophosphate were subjected to two-( gel electrophoresis, essentially all of the r in the 20,000-D region comigrated witl acidic light chain subunit (Fig. 4, right; No 32P activity could be discerned comig the less acidic 20,000-D subunit and simi tivity was seen to migrate in the region co to the 26,000-D MLC (Fig. 4) . The ability to identify and separate th ylated and nonphosphorylated forms of the allowed for direct measurement Zsented the sphorylated )eling of the bated with trol heart cells. Before harvest these cells had a mean heart rate of 118±21. After exposure to 20 uM TFP, there was a prompt decrease in heart rate to 24±14 beats/min and the fraction of phosphorylated MLC decreased to 0.16±0.05 (mean±SEM, n = 4). This decrease in MLC phosphorylation was significant at P < 0.05.
DISCUSSION
dimensional There is a complex system of control mechanisms that adioactivity mediates the interaction of actin and myosin and h the more thereby regulates cardiac contractility (1-3, 17, 18) . arrowhead). Although it has been demonstrated that phosphoryrrating with lation of the MLC is an important regulatory mechlarly no ac-anism in smooth muscle, the role of light chain phosrresponding phorylation in cardiac muscle has not been defined (3) (4) (5) 19 (4) in studies ve MLC then of smooth muscle have shown that the phosphorylation tent of light of the light chain is catalyzed by a specific kinase that had been in-requires the presence of calcium bound to calmodulin ere scraped as a cofactor for activity. two-dimen-TFP binds to the calcium-dependent regulator, cal3lue staining modulin, and has been used to study some of the many ntified phos-reactions mediated by calcium via calmodulin (7, 8) . rms of the Sheterline (21) has shown that TFP can distinguish ind counted between the actomyosin interaction regulated by phosig this tech-phorylation of the MLC and that which is under the LC was cal-control of troponin C (not calmodulin dependent). In = 6) for con-order to better understand the role of calmodulin and the possible role of myosin light phosphorylation in the control of cardiac contractility, the present study pH 6.5 used cultured heart cells treated with varying doses of TFP. The data demonstrate that TFP can reversibly inhibit the spontaneous contractile activity observed in cultured heart cells. In contrast to previous reports (7, 8) (24) . After treatment with 20 IM TFP and an accompanying fall in heart rate this significantly decreased to 16%, confirming the observation made with 32P-labeled cells.
The finding of an alteration in MLC phosphorylation after treatment of heart cells with TFP suggests a role for the calcium-calmodulin-mediated phosphorylation of MLC in the control of cardiac contractility (9, 19, 25) . In association with the decrease in light chain phosphorylation, we observed an increase in the phosphorylation of a 28,000-D muscle protein. This supports the prior suggestion that the phosphorylation of Troponin I may play a role in the regulation of myocardial contractility (2, 18, 26, 27) . The present studies do not distinguish whether the effects of TFP are mediated through alterations in the activity of a MLC kinase (1) (2) (3) or alternatively by a change in calcium transport by the sarcoplasmic reticulum (9, 16) . TFP-mediated changes in contraction allow for the further study of coordinate changes in cardiac phosphoproteins. In the present studies we have used heart rate as a measure of contraction. Many factors can potentially alter heart rate independent of the interaction of actin and myosin. Future studies using direct measurements of heart cell contractility (28) will be required to resolve this question.
Our in vitro observations may explain the in vivo effects of TFP, which has been shown to induce both bradycardia and hypotension when given to psychotic patients under controlled conditions (29) . Similar to the present finding, the in vivo effects of TFP on cardiovascular function were reversible after removal of the drug.
